Introduction
[2] The central Appalachian region has experienced some of the largest measured rainfall accumulations in the world at time intervals less than 6 h. The 18 July 1942 Smethport, Pennsylvania, storm (Figure 1 ) produced the world record rainfall accumulation of 780 mm in 4.75 h [Eisenlohr, 1952] . On 18 July 1889 in Rockport, West Virginia (Figure 1) , "a terrific thunder-storm, accompanied by torrents of rain and vivid lightning, passed over. At this place, 19 inches (483 mm) was recorded in 2 hours and 10 minutes. The village was almost entirely swept away and a great many lives are reported lost in the flood" [United States Signal Service, 1889]. The 483 mm rainfall accumulation was a world record at the 2 h time scale. These storms reflect three important elements of the climatology of extreme rainfall: (1) the central Appalachians contain local maxima in the spatial frequency of extreme rainfall for the United States;
(2) the seasonal occurrence of extreme rainfall events in the central Appalachians is tightly concentrated in the warm season; and (3) the most extreme rainstorms in the central Appalachians are thunderstorms in complex terrain.
[3] The envelope curve of flood peaks in the central Appalachians at "small" drainage areas (less than 1000 km 2 ) is dominated by orographic thunderstorm systems (see section 2 for details; see Houze [1993] for an introduction to orographic convection and organized thunderstorm systems). These storm systems are the principal topic of this paper. We show that there is diversity in orographic thunderstorm systems that produce catastrophic floods in the central Appalachians. There is also pattern. We show that catastrophic flooding along the western margin of the central Appalachians (section 4) is linked with extratropical cyclones that have a tight seasonal distribution around 18 July and produce rapidly moving, organized thunderstorm systems. Along the eastern margin and in the interior of the central Appalachians, catastrophic flooding is linked to "terrainlocked" thunderstorm systems (section 3) that occur throughout the summer season. The conceptual regionalization of flood hazards from orographic thunderstorm systems is also tied to the pronounced spatial variation of thunderstorms across the central Appalachian region, as reflected in the climatology of cloud-to-ground lightning flash density (Figure 1 ) [see also Orville and Huffines, 2001 ].
[4] Despite the fact that orographic thunderstorm systems dominate the envelope curve of flood peaks for the central Appalachian region, they are not prominently represented in flood frequency analyses for most stream gaging stations, even those with relatively long records (see section 2 for details). These observations raise the question of how frequency analysis procedures can be developed to account for differences in physical processes controlling the upper tail of flood peak distributions compared with those that determine the remainder of the flood peak distribution [see DuMouchel, 1983; Smith, 1987; Gaume, 2006] .
[5] In the classic study of catastrophic flooding and debris flows in the central Appalachians by Hack and Goodlett [1960] (based on analyses of the impacts of the June 1949 storm; see hydrometeorological analyses in section 3 and Figure 2 ), the authors note that evidence of catastrophic events from debris flow deposits is present throughout the central Appalachian region. Eaton [1999] observed that the Rapidan basin along the east slope of the Blue Ridge has experienced multiple debris flow episodes comparable to the 27 June 1995 Rapidan event (see Figure 2 ) during the past 10,000 years and with return interval of approximately 2000-3000 years. These analyses suggest that small-scale topographic variability along the eastern margin of the central Appalachians may result in "hot spots" of catastrophic events [Smith et al., 1996; Morgan and Wieczorek, 1996; Pontrelli et al., 1999; Wieczorek et al., 2000; Eaton et al., 2003; Fuhrmann et al., 2008] .
[6] A question that motivates this study is whether the frequency of occurrence of catastrophic rainfall varies in a systematic fashion over the central Appalachian region. This issue is of direct importance for many elements of flood and debris flow hazard assessment, both in the central Appalachians and other mountain settings [see, e.g., Barros and Kuligowski, 1998; Konrad, 2001; Gaume et al., 2003 Gaume et al., , 2004 O'Connor and Costa, 2004; Badas et al., 2005; Vivoni et al., 2006; Borga et al., 2007; Griffiths et al., 2009; Bonnifait et al., 2009; Berne et al., 2009] . Utilizing observations from historical storms like the Smethport storm (see, e.g., World Meteorological Organization [1986] and Hansen et al. [1982] for the influence of rainfall observations from the Smethport storm on extreme rainfall analysis and engineering design) is a central element of hydrometeorological procedures used for quantifying risks associated with extreme rainfall [e.g., Foufoula-Georgiou, 1989; Smith et al., 1996; Jarrett and Tomlinson, 2000; Douglas and Barros, 2003; Gaume et al., 2004; Delrieu et al., 2005; Hicks et A core objective of this study is to identify and analyze the role of orographic thunderstorm systems in controlling the upper tail of rainfall and flood peaks in the central Appalachians.
[7] The methodology used in this study centers on empirical and numerical modeling studies for storms that have produced catastrophic flooding in the central Appalachians, as documented from observations of rainfall, lightning, streamflow, debris flows, or a combination of the above. We do not present individual case study analyses but synthesize properties of extreme rainfall and flooding on the basis of analyses for the small sample of events that dominate the envelope curve of small central Appalachian drainage basins. Terrain-locked storms include the June 1949 Little River storm [Hack and Goodlett, 1960; Osterkamp et al., 1995] , the August 1969 "Nelson County" storm, associated with the remnants of Hurricane Camille [see Schwarz, 1970; Camp and Miller, 1970; Morgan et al., 1999] , the June 1995 Rapidan storm [Smith et al., 1996; Morgan and Wieczorek, 1996; Pontrelli et al., 1999; Eaton et al., 2003; Giannoni et al., 2003] , and the August 2003 Saul's Run storm [Hicks et al., 2005] . The "18-19 July storms" along the western margin of the Central Appalachians include the 1889 Rockport Storm [United States Signal Service, 1889; Low, 1989] , the 1942 Smethport storm [Eisenlohr, 1952] , the 1977 Johnstown storm Zhang and Fritsch, 1987; Bosart and Sanders, 1981] , and the 1996 Redbank Creek storm ; see also Changnon and Kunkel, 1999; Lapointe et al., 1998 ]. For empirical analyses, we draw heavily on observational resources for the best observed of the storms, that is, the 1995 Rapidan and 1996 Redbank Creek storms. Both have high-quality radar observations and a wealth of in situ observations. We use archival material, especially for the 1942 Smethport storm, that has not been readily available to the research community.
[8] Contents of the paper are as follows. We present an overview to the climatology of extreme floods in the central Appalachians in section 2. Terrain-locked thunderstorm systems that produce catastrophic flooding along the eastern margin and interior of the central Appalachians are the topic of section 3. The 18-19 July storms that produce catastrophic flooding along the western margin of the central Appalachians are discussed in section 4. We present a summary and conclusions in section 5.
Overview of the Flood Hydroclimatology of the Central Appalachians
[9] The envelope curve of flood peaks for the central Appalachians at small drainage areas is dominated by orographic convective systems (Figure 2 ; see Figure 1 for flood locations and Hunt [1967] for details on physiography of the central Appalachians). We developed the envelope curve from published U.S. Geological Survey (USGS) flood peak data and from special reports for catastrophic floods [Crippen and Brue, 1977; Miller, 1990; Hicks et al., 2005] . Each of the orographic convective systems represented in the envelope curve of Figure 2 , with the possible exception of the June 1949 Little River storm, was an organized system of thunderstorms. We base this conclusion either on observations from the National Lightning Detection Network (NLDN) [see Orville and Huffines, 2001] or on observer reports of lightning, like those included in the summary of the July 1889 storm presented in section 1. The June 1949 storm predated lightning observations, and the most extreme rainfall was concentrated in an uninhabited portion of the central Appalachians [Hack and Goodlett, 1960] , making it impossible to determine with certainty whether lightning occurred. [10] The "three floods" paradigm of Miller [1990] interprets the scale-dependent flood response of central Appalachian basins in terms of three "flood-generating mechanisms": large-scale winter-spring extratropical cyclones like the March 1936 flood [see Grover, 1937; Brooks and Thiessen, 1939; see also Morgan, 1916; Konrad, 2001; Hirschboeck, 1988] , floods produced by landfalling tropical cyclones, like Hurricane Agnes (22-24 June 1972) [Bailey et al., 1975 ; see also Atallah and Bosart, 2003; Hart and Evans, 2001; Sturdevant-Rees et al., 2001] , and thunderstorm systems in complex terrain like the 18 July 1942 Smethport storm. Implicit in the three floods model is a scaling theory of flood response in the central Appalachians [see also Smith et al., 2010] . At the scales of the major Atlantic and Ohio River drainages (basin scales greater than roughly 10,000 km 2 ), the March 1936 flood is often the flood of record. Hurricane Agnes produced the record flood peaks for numerous stream gaging stations throughout Virginia, Maryland, and Pennsylvania at basin scales less than 10,000 km 2 [see Bailey et al., 1975] .
[11] For a small number of central Appalachian gaging stations, however, much larger "unit discharge" flood peaks (i.e., discharge divided by basin area) are produced by storms like the 27 June 1995 Rapidan storm and the 18-19 July 1996 Redbank Creek storm (Figure 3 ). The Rapidan unit discharge peak of 10.2 m 3 s −1 km −2 for the 27 June 1995 storm at a basin scale of 285 km 2 is more than a factor of three larger than the second largest peak in a record of 66 years ( Figure 3a) . The 19 July 1996 Redbank Creek flood peak of 1.37 m 3 s −1 km −2 at a basin scale of 1368 km 2 is the largest flood peak in a record of 100 years. The July 1996 peak is nearly twice as large as the second largest peak from Hurricane Ivan in 2004 (Figure 3b) .
[12] The climatology of thunderstorms in the central Appalachians, as reflected through cloud-to-ground (CG) lightning observations from the NLDN (Figure 1) , exhibits large spatial variability with local maxima along the western and eastern margins of the Appalachian region and a pronounced minimum in the interior of the central Appalachians. We use CG lightning observations during the period 1991-2006 to develop the central Appalachian lightning climatology. Orville and Huffines [2001] used observations from the NLDN to derive the mean CG lightning strike density for the United States and pointed to the local minimum of CG lightning strike density in the interior of the Appalachian region as an important feature of the national lightning climatology. We take CG lightning frequency (Figure 1 ) as a first-order representation of the spatial heterogeneity in occurrence of orographic thunderstorm systems that produce heavy rainfall and flooding in the central Appalachians. Future work will directly examine links between convective intensity and the climatology of heavy rainfall [see Zipser et al., 2006] . [13] Most "small" central Appalachian watersheds have not experienced floods from orographic thunderstorms comparable to the Rapidan and Redbank floods (see Figure 3 ) during historical times. Our analyses of annual flood peak records from 315 USGS stations in the central Appalachians with records longer than 50 years ( Figure 4 ) highlight systematic spatial heterogeneities in the upper tail of flood peak distributions, but they do not display a pronounced role for orographic thunderstorm systems [see also Villarini and Smith, 2010] like those illustrated in Figure 3 . The analyses in Figure 4 show the ratio of the estimated at-site 100 year flood magnitude to the regional 100 year flood magnitude. At-site estimators of the 100 year flood magnitude are based on maximum likelihood estimates using the generalized extreme value (GEV) distribution. The quantile function (i.e., the inverse of the cumulative distribution function) of the GEV takes the form
where a 2 (−∞, +∞) is the location parameter, b 2 (0, +∞) is the scale parameter, and k 2 (−∞, +∞) is the shape parameter. For k > 0, the distribution is unbounded above. For k < 0, the distribution is bounded above with an upper bound of a − (b/k). Maximum likelihood estimators [see Coles, 2001 ] of the GEV parameters provide the 100 year flood magnitude through the quantile function evaluated at p = 0.99. Regional scaling analyses [see Villarini and Smith, 2010] utilize power law relationships between flood quantiles Q i (p) and drainage area A i :
where A 0 represents a reference drainage area which we take to be 1000 km 2 . The scaling functions a(p) and b(p) are computed by means of ordinary least squares in the log-log domain. The estimated exponent b(.99) is 0.66, and the estimated prefactor a(.99) is 836 m 3 s −1 . In Figure 4 , we (Figure 2 ), imply that orographic thunderstorms are key elements of the upper tail of flood peak distributions, but their frequency (both temporal and spatial) is small enough that they are not well characterized by USGS flood peak records.
[15] The occurrence of multiple catastrophic floods along the western margin of the central Appalachian region around 18-19 July is not purely fortuitous. The seasonal distribution of heavy rainfall along the western margin of the central Appalachians in Pennsylvania has a maximum in mid-July ( Figure 5) . A heavy rainfall event is defined here as a 24 h period with rainfall accumulations greater than 25 mm. Analyses in Figure 5 use rain gage observations from Franklin, Pennsylvania, over a 110 year period (see section 4 for additional analyses). The peak in the seasonal distribution of heavy rainfall events matches the peak in thunderstorm frequency ( Figure 6 ) (analyses are for a 1,000 km 2 square region centered on the Redbank Creek basin; see Figure 1 ). The seasonal distribution of heavy convective rainfall is also tied to the seasonal migration of extratropical cyclone tracks and the climatology of precipitable water [see Eichler and Higgins, 2006; Zishka and Smith, 1980; Whittaker and Horn, 1984; Lins, 1997] . (Figure 2 ). The Rapidan storm is used as a model system to illustrate characteristics of terrainlocked thunderstorm systems [see Smith et al., 1996; Pontrelli et al., 1999] . We also present analyses of the June 1995 and June 1949 storms on the basis of simulations using the Weather Research and Forecasting (WRF) model.
Terrain-Locked Thunderstorm Systems
[17] Flooding from the 27 June 1995 Rapidan storm (Figures 7, 8, and 9) [see Smith et al., 1996; Pontrelli et al., 1999; Giannoni et al., 2003 ] defines the central Appalachian flood peak envelope curve ( Figure 2 ) at 100-500 km 2 scales. The storm produced extensive debris flows, rivaling those from any storm in the central Appalachians during the period of historical records [Morgan and Wieczorek, 1996; Eaton, 1999; Wieczorek et al., 2000; Eaton et al., 2003] . Rainfall and flooding were most extreme at scales smaller than 100 km 2 ( Figure 8 ), with point storm total accumulations exceeding 700 mm [Smith et al., 1996; Eaton et al., 2003] and maximum rainfall accumulations concentrated during a period of 4-6 h ( Figure 7 ).
[18] We derived rainfall rate fields for the Rapidan storm from radar and rain gage observations at 15 min time intervals and 1 km horizontal resolutions using the Hydro-NEXRAD algorithms [Krajewski et al., 2010 ; see also Baeck and Smith, 1998; Fulton et al., 1998 ]. Algorithm components include Z-R conversion using the "convective" Z-R relationship (R = 0.018Z 0.78 ), quality control (including anomalous propagation detection) [see Steiner and Smith, 2002] , and multi- Figure 5 . Probability density function for the time of occurrence of daily rainfall totals greater than 25 mm for Franklin, Pennsylvania. Day 1 is 1 January, and day 365 is 31 December. plicative bias correction using rain gage observations [Smith and Krajewski, 1991] . The storm total rainfall field for the Rapidan storm ( Figure 8 ) was constructed from the 15 min rainfall rate fields.
[19] Basin-averaged rainfall rate for the 285 km 2 Rapidan River basin at a 15 min time interval exceeded 30 mm h −1 from approximately 1430 UTC until 1900 UTC on 27 June. Temporal and spatial variation of rainfall rate was large during this period. For Graves Mill (at the eastern end of the 600 mm rainfall contour in Figure 8 ) and Kirtley Mountain (the west margin of the 600 mm rainfall contour in Figure 8 ), values of 15 min rainfall rate exceeded 150 mm h −1 and periods of rainfall rate exceeding 50 mm h −1 lasted for more than 3 h. The timing of peak rainfall rates at Graves Mill and Kirtley Mountain was offset, with continuous periods of rainfall rates exceeding 50 mm h −1 extending from 1415 to 1715 UTC at Graves Mill and from 1715 to 1945 UTC at Kirtley Mountain. At Graves Mill there was also a later period of elevated rainfall rates centered around 1900 UTC. For Kirtley Mountain, rainfall rates exceeded 25 mm h −1 for a 2 h period beginning at 1400 UTC, with a sharp spike in rainfall rates before 1600 UTC. The spatial and temporal features of rainfall rate variability are broadly consistent with debris flow observations [Morgan and Wieczorek, 1996; Wieczorek et al., 2000] .
[20] The largest observed storm total rainfall accumulations ( Figure 8 ) for the Rapidan storm were located along the east slope of the Blue Ridge, removed from the highest elevations (for discussion of precipitation distribution relative to terrain, see Smith [1979] and Roe [2005] ). Debris flows were distributed within the 300 mm rainfall contour (Figure 8 ) in the Rapidan and immediately to the east in the Robinson River basin [Morgan and Wieczorek, 1996; Eaton et al., 2003 ]. Debris flows, like peak rainfall accumulations, were absent from the highest elevations of the Blue Ridge. Similar features characterize the August 1969 Nelson County storm [Schwarz, 1970; Morgan et al., 1999] , as discussed later in this section.
[21] A key element of extreme rainfall along the eastern margin of the central Appalachians is terrain-locked convection (see Maddox et al. [1978] , Pontrelli et al. [1999] , Landel et al. [1999] , and Petersen et al. [1999] for related analyses). We show in Figure 8 that the Rapidan storm exhibited small net storm motion. The storm centroid at 1800 UTC on 27 June 1995 was less than 20 km from its position at 1300 UTC. The direction of motion was into the steering level winds. The 850-500 hPa mean wind was from the southwest and weak, with mean speed less than 5 m s −1 . Storm motion was principally associated with new cell growth on the southwest margin of the storm system. Much of the net motion occurred during two brief periods: (1) around 1300 UTC when the storm crossed into the main stem Rapidan valley and (2) around 1800 UTC when the storm moved from the main stem Rapidan into the Middle River of the Rapidan. These periods were also associated with spikes in convective intensity (see additional discussion later in this section). These observations suggest that terrain played an important role in motion and evolution of the Rapidan storm. Important questions concern the role of the secondary ridges, which extend southeastward from the Blue Ridge and define the Rapidan basin, in controlling extreme rainfall distribution. More generally, these observations raise the question of whether secondary terrain features can play an important role in determining the distribution of catastrophic rainfall over a broad region of complex terrain.
[22] The Rapidan storm produced large CG lightning flash rates ( Figure 9 ; contrast with the Fort Collins storm described by Petersen et al. [1999] ). A contour of four CG lightning strikes per square kilometer ( Figure 9 ) was located on the northern boundary of the Rapidan basin. The CG lightning flash rates did not mimic the time distribution of rainfall rate (Figure 7) , nor does the spatial distribution of rainfall mimic the spatial distribution of lightning (Figure 8 ). Lightning production for the Rapidan storm was concentrated during two periods, 1500-1600 UTC and 1800-1900 UTC (Figure 7 ). The two periods of high CG lightning strikes in the Rapidan storm were immediately preceded by spikes in the storm maximum reflectivity above 60 dBZ (not shown). For much of its life cycle, the Rapidan storm exhibited lowecho centroid structure (i.e., peak reflectivity values were concentrated lower in the atmosphere than typical convective systems) and low lightning frequency [Smith et al., 1996 ; see also Petersen et al., 1999] . An unanswered question is how the evolving convective intensity of orographic thunderstorms is linked to production of extreme rainfall rates.
[23] The mesoscale and synoptic-scale environment of the Rapidan storm was characterized by (1) a strong low-level jet bringing high-humidity air to the heavy rainfall region [ Smith et al., 1996] (see also analyses of the Redbank Creek storm in section 4); (2) a shortwave trough west of the region of heavy rainfall (Figure 10 ), which was tilted from southeast to northwest (see Pontrelli et al. [1999] for discussions of a "negatively tilted" trough-ridge system); and (3) weak steering-level winds [Smith et al., 1996; Pontrelli et al., 1999] . Pontrelli et al. [1999] use the Rapidan storm to explore the notion that frequency analysis for extreme events can be decomposed into problems that focus on frequency analysis for key "ingredients" of the event. Pontrelli et al. [1999] focus particular attention on the negatively tilted trough-ridge system because of its prominent role in the Rapidan storm and major orographic convective systems producing flash floods along the eastern margin of the Front Range of the Rocky Mountain (based largely on comparisons with the Big Thompson, Rapid City, and Fort Collins storms [see Maddox et al., 1978; Petersen et al., 1999] ).
[24] We carried out analyses of storm environment and rainfall distribution from the Rapidan, June 1949, July 1996 (section 4), and July 1942 (section 4) storms on the basis of regional downscaling analyses using the WRF model. WRF is a nonhydrostatic, mesoscale model that has been extensively used for analyses of heavy rainfall [see, e.g., Trier and Davis, 2002; Done et al., 2004; Schumacher and Johnson, 2008] . Ntelekos et al. [2008] carried out simulations of orographic thunderstorm systems that produced flash floods along the eastern United States, and we adopt similar model implementations in this study, on the basis of the Advanced Research version (2.2) of WRF [see Skamarock et al., 2007] . Initial and boundary conditions for the WRF simulations of the June 1995 storm were obtained from Eta model analysis fields [Rogers et al., 1996] (see, for example, Figure 10 ). WRF simulations for the Rapidan storm were performed on doubly nested grids, with the inner domain having a grid resolution of 3 km covering and area of 660 km (east-west) by 525 km (north-south) and the outer grid having a resolution of 9 km covering an area of 1818 km (east-west) by 1710 km (north-south). The physics options were the same for inner and outer domains and included the WRF Single-Moment 6-Class (WSM6) microphysics scheme, Noah land surface model, MoninObukhov-Janjic surface layer scheme, and Mellor-YamadaJanjic boundary layer scheme (see Ntelekos et al. [2008] for additional details). Cumulus parameterization was not used in either domain, and a spin-up period of approximately 1 day was used.
[25] WRF model simulations of rainfall for the Rapidan storm ( Figure 11 ) produce maximum storm total accumulations that are located southwest of the Rapidan basin with a 160 mm contour centered on the high elevations of the Blue Ridge. The simulated storm total rainfall field also shows regions of localized heavy rainfall extending into the interior of the central Appalachians and southeast into the Piedmont, features that are consistent with rainfall, discharge, and debris flow observations [Morgan and Wieczorek, 1996] . The storm period which produced the Rapidan storm was associated with locally extreme rainfall in the Piedmont, Blue Ridge, Valley, and Ridge provinces of Virginia and West Virginia (see Hunt [1967] details of the physiography of the region). Simulations capture the regional distribution of heavy rainfall but not the extreme rainfall rates concentrated east of the highest elevations of the Blue Ridge.
[26] We examined sensitivity of model simulations to domain configurations and model physics. Simulations are clearly tied to resolution and physics options (especially microphysics), but the basic features of the WRF simulations of the Rapidan storm, including the distribution of peak rainfall over highest elevations of the Blue Ridge near the Rapidan basin and the inability to capture the rainfall maximum along the east slopes of the Blue Ridge, are robust features of the simulations. Future study of orographic precipitation mechanisms for the Rapidan storm will explore analyses based on high-resolution simulations [see, e.g., Chow et al., 2006] .
[27] The return intervals of rainfall accumulations, flood peaks, and debris flows for the Rapidan storm are long [Hosking and Wallis, 1996; Springer et al., 2001; Eaton et al., 2003; Giannoni et al., 2003] . Hosking and Wallis [1996] estimated return interval of the Rapidan flood peak at 285 km 2 to be greater than 1000 years, on the basis of regional flood frequency analysis methods using L-moments estimators. Eaton et al. [2003] carried out stratigraphic analyses of hillslopes and floodplains that were excavated by the Rapidan flood and debris flows. Events of comparable magnitude have occurred in the region, with return interval of approximately 2000-3000 years. A central question raised by analyses of return intervals for the Rapidan storm is whether the frequency of catastrophic rainfall from orographic thunderstorms varies over the central Appalachian region. In particular, is there a significant variation in frequency of extreme storms along the eastern slopes of the Blue Ridge, into the interior of the central Appalachians, and eastward over the Piedmont? This issue is of direct importance for hydrometeorological procedures for assessing spatial variation of extreme rainfall [see Hansen et al., 1982; World Meteorological Organization, 1986] . Answering these questions requires advances in understanding orographic mechanisms associated with extreme rainfall rates and their links to convective intensity.
[28] Less is known about the Little River storm (17-18 June 1949) than any of its companion storms represented in Figure 2 , yet more is known about the hillslope and fluvial impacts because of the study of Hack and Goodlett [1960] (see also Osterkamp et al. [1995] for an updated review). On the basis of indirect discharge measurements (Figure 2) , downstream streamflow records, and mapped debris flows, Hack and Goodlett conclude that peak rainfall accumulations for the June 1949 storm were comparable to the 1942 Smethport storm (see discussion in section 4 and Eisenlohr [1952] ). The June 1949 storm was a "violent rainstorm" with most extreme rainfall, flooding, and debris flows concentrated in an uninhabited region of the central Appalachians [Hack and Goodlett, 1960] . Concentration of hillslope and fluvial impacts along the east slope of Shenandoah Mountain (the "second" ridge in the central Appalachian region, that is, the first ridge west of the Blue Ridge) suggests that the Little River storm was a terrain-locked convective Figure 11 . Storm total rainfall (millimeters) for the 27 June 1995 storm from WRF simulations (0000-2100 UTC).
system. The absence of local observers makes it impossible to determine whether lightning was associated with the storm.
[29] WRF simulations for the June 1949 storm period were carried out using National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis fields [Kistler et al., 2001] and model implementations similar to those used for Rapidan storm analyses, with three nested domains having resolutions of 27, 9, and 3 km. Model physics were identical to those for the Rapidan storm, with the exception that the Grell cumulus scheme was used for the 27 km outer domain. NCEP-NCAR reanalysis fields have a grid resolution of approximately 210 km and a time resolution of 6 h.
[30] Like the Rapidan storm, the June 1949 storm produced locally extreme rainfall over a large area of the central Appalachians (Figure 12 ). The Little River watershed is located in a 120 mm rainfall accumulation contour that we derived from the simulated storm total rain field (Figure 12) . A 160 mm accumulation contour along the Blue Ridge north of the Rapidan River basin contains the location of the Big Meadows rain gage, which recorded 170 mm for the storm. Heavy rainfall, flooding, and debris flows were also reported west of the Little River watershed in West Virginia [Stringfield and Smith, 1956] in the areas of elevated rainfall accumulation from the WRF simulation. Model simulations illustrate the regional structure of heavy rainfall production from a storm system that produced catastrophic rainfall in a small subregion. The simulated rainfall fields provide insights to the regional rainfall distribution for an important but poorly understood storm system. The simulations do not provide detailed insights into the storm-scale processes associated with catastrophic rainfall over the Little River watershed. The spatial resolution of NCEP-NCAR reanalysis fields limits the analyses that can be carried out for the June 1949 storm, but additional study of the storm on the basis of simulation experiments is likely to provide insights to the regional distribution of heavy rainfall in the central Appalachians.
[31] The June 1949 Little River storm was associated with a coastal low that tracked up the east coast ( Figure 13 ; based on 850 hPa fields from the 27 km outer domain). Strong upslope flow with high humidity (Figure 13 ; based on 850 hPa fields from the 9 km domain) was an important element of the regional storm environment, as with the Rapidan storm. Unlike the Rapidan, Big Thompson, Rapid City, and Fort Collins storms [Pontrelli et al., 1999] , a negatively tilted trough-ridge system was not a prominent element of the Little River storm. The "ingredients" associated with catastrophic rainfall that occur along the eastern margin of the central Appalachian are more diverse than those associated with the Rapidan, Rapid City, Big Thompson, and Fort Collins storms [see Pontrelli et al., 1999] .
[32] Hack and Goodlett [1960] note that "extraordinary floods of comparable size [to the June 1949 Little River flood] are recurring phenomena and, in fact, have occurred in the same place rather recently". Included in the evidence for extreme floods are more than a dozen compound debris fans in the Little River study region. These features are not isolated to the Little River region but are found throughout the central Appalachians [Hack and Goodlett, 1960; Clark, 1987; Kochel, 1987; Jacobson, 1993] . Geomorphic evi- Figure 12 . Storm total rainfall accumulation (millimeters) for the 17 June 1949 storm from WRF simulations. The Little River study region of Hack and Goodlett [1960] is identified by the letter "a".
dence provides the strongest case that the interior of the central Appalachians, that is, the Valley and Ridge physiographic province, experiences catastrophic rainfall from orographic thunderstorms (compare with the lightning frequency map in Figure 1 ). The relative frequency of debris flows in the central Appalachians is largely unknown, although Eaton et al. [2003] present evidence suggesting that the Valley and Ridge may have a lower frequency than surrounding regions.
[33] The 11 August 2003 Saul's Run storm (Figures 1 and  2) [see Hicks et al., 2005] provides an end-member in spatial scale for central Appalachian storms that produce catastrophic flooding. The Saul's Run storm resulted in extreme flooding at spatial scales smaller than 2 km 2 , but not at larger scales. The Saul's Run storm was a small, terrain-locked thunderstorm (with a total of only six CG lightning strikes), which was embedded in a larger outbreak of slow moving thunderstorm systems over the Valley and Ridge province of West Virginia and Pennsylvania [see Hicks et al., 2005] . Rainfall accumulations of 150 mm over the 2.1 km 2 Saul's Run watershed were produced in a time period of less than 30 min (on the basis of bucket survey and Weather Surveillance Radar, 1988 Doppler (WSR-88D) radar observations [see Hicks et al., 2005] ). Estimated peak rainfall rates were comparable to the Rapidan storm, but storm total accumulations were relatively small. As a consequence, the Saul's Run storm produced dramatic alterations to the fluvial system [Hicks et al., 2005] but virtually none of the hillslope impacts associated with the Rapidan or Little River storms.
[34] The 18-19 August 1969 Nelson County storm from the remnants of Hurricane Camille (Figures 1 and 2) , like the Rapidan storm, produced 500-750 mm of rain over an area of approximately 100 km 2 along the east slope of the Blue Ridge [see Schwarz, 1970; Williams and Guy, 1973; Morgan et al., 1999] . Although the 18-19 August 1969 storm was associated with development and evolution of a tropical cyclone over land, it was an orographic convective system that produced "continuous lightning" [Bechtel, 2006] during the period of extreme rainfall. The synoptic setting of the storm was dominated by passage of the remnant circulation of Camille from west to east across the central Appalachians, with the low crossing the Blue Ridge south of the Nelson County storm area. Strong upslope moisture transport to the storm area played a central role in the distribution of extreme rainfall [Schwarz, 1970] .
[35] Like the Rapidan storm, heavy rainfall from Camille was concentrated in an area of complex topography with ridges extending perpendicular from the Blue Ridge [Morgan et al., 1999] . Also like the Rapidan storm, heavy rainfall was concentrated east of the peak elevations of the Blue Ridge. A recording rain gage at Montebello Fish Hatchery on the western margin of the extreme rainfall area recorded 250 mm of rainfall, with hourly accumulations of 25 mm (plus or minus 2 mm) from 1900 EST on 19 August until 3000 EST on 20 August. It is unknown whether rainfall rates in the region with accumulations exceeding 500 mm simply reflect a uniform amplification of rainfall rates, with 500 mm of rainfall produced by uniform rain rates of 50 mm h −1 , or whether extreme, short-term rainfall rates like those pro- duced by the Rapidan storm were responsible for extreme rainfall accumulations in the area of catastrophic flooding and debris flows.
Storms of 18-19 July: Western Margin of the Central Appalachians
[36] In this section, we examine orographic thunderstorm systems that produced catastrophic flooding along the western margin of the central Appalachians. The four storms that dominate the central Appalachian envelope curve and the list of extreme rainfall accumulations occurred during 18-19 July in 1889, 1942, 1977, and 1996 . We focus analyses in this section on the 1996 Redbank Creek storm and 1942 Smethport storm.
[37] On 19 July 1996, Redbank Creek (Figures 1 and 14 ) experienced record flooding, with a peak discharge of 1876 m 3 s −1 at 1368 km 2 (Figures 2 and 3 ). The 19 July 1996 peak is the largest flood peak in a record of 100 years and is nearly twice the second largest peak (1013 m 3 s −1 ), which was produced by Hurricane (Figure 3) are the "winter-spring" and "tropical cyclone" events that motivated Miller's three floods paradigm for flood peak scaling in the eastern United States [Miller, 1990] .
[38] The storm total rainfall field (Figure 14) for the Redbank Creek storm was characterized by a swath of heavy rainfall extending from Lake Erie 200 km to the southeast.
We developed radar rainfall estimates for the Redbank Creek storm (Figure 14) using the Hydro-NEXRAD system (as discussed in section 3 for the Rapidan storm).
[39] The Redbank Creek storm consisted of a system of multicellular thunderstorms (Figure 15 ) that moved rapidly from Lake Erie across western Pennsylvania (see also Figure 14 ). Flood production in Redbank Creek was concentrated during a 4 h time period extending from 0630 to 1030 UTC (Figure 16 ). The time distribution of rainfall over Redbank Creek (Figure 16 ), as represented by radar rainfall estimates, reflects the repeated passage of storm elements over the region. Radar observations from the Pittsburgh WSR-88D (Figure 15 ) between 0600 and 1000 UTC show multiple storms that tracked over Redbank Creek. The average speed of these storm elements during the period 0600-1000 UTC, based on analyses using the storm tracking algorithms of Dixon and Wiener [1993] , was 80 km h −1 , and the direction of storm motion was from northwest to southeast. The fractional area of Redbank Creek with rain rates exceeding 25 mm h −1 (Figure 16 ), based on 15 min radar rainfall fields, exceeded 40% for more than 2 h and peaked at more than 60% (shortly before 0800 UTC and shortly after 0900 UTC).
[40] Analyses of rain gage observations (Table 1) , stream gaging observations, and damage reports [Davis, 2000] all point to the conclusion that the most extreme rainfall and flooding was concentrated in central portions of the Redbank Creek watershed. The Brookville rain gage observation (Table 1 and Figure 14 ) of 238 mm is much larger Figure 14 . Storm total rainfall (millimeters) field for the 19 July 1996 storm (0000-2100 UTC) based on Hydro-NEXRAD rainfall fields with Redbank Creek basin boundary. Numbers refer to gages in Table 1 .
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than other rain gage observations (Table 1) , and it is larger than radar rainfall estimates in and adjacent to Redbank Creek (Figure 14) . The most severe damage from the 19 July 1996 flood was concentrated near Brookville and in the downstream portion of Redbank Creek [Davis, 2000] .
[41] Rainfall rate estimates (Figure 16 ), along with storm total rainfall estimates (Figure 14) , reflect the concentration of rainfall in the central portion of Redbank Creek but otherwise provide little guidance on the distribution of extreme rainfall around Brookville. The 0710 UTC rainfall rate field (Figure 15 ) does show a sharp maximum in rainfall rates in the high-elevation headwaters above Brookville, but without ground-based verification it is impossible to infer whether this reflects a period of extreme rainfall rates along the lines of those discussed later in this section for the 19 July 1942 Smethport storm. Analyses of runoff from Redbank Creek support the extreme rainfall accumulations in the area around Brookville. The runoff for the 19 July 1996 storm in Redbank Creek of 94 mm was 13 mm larger than the basinaveraged rainfall from the storm total rainfall field!
[42] The Redbank Creek storms were severe thunderstorms which produced large CG lightning flash densities (Figure 17 ), damaging winds, and tornados . The peak CG lightning flash density followed the general pattern of rainfall distribution with an elongated maximum along the track of the major storm elements. Peak CG lightning flash densities ranged from two to three strikes per square kilometer northwest of Redbank Creek with generally lower flash densities over and southeast of Redbank Creek.
[43] There were systematic differences over the region in the amount of rainfall per CG lightning strike. Lightning ratios, that is, the ratio of rainfall mass to the number of CG lightning strikes [Petersen and Rutledge, 1998 ], in the northwestern area of heavy rainfall were approximately 100 × 10 6 kg per flash (at the Franklin and Cochranton rain gages, for example; see Table 1 and Figure 14) . The lightning ratios for the southeastern swath of heavy rainfall (Brookville and Punxsutawney, for example) exceeded 300 × 10 6 kg per flash. Smaller lightning ratios indicate more intense convection, including stronger updrafts; the reverse holds for larger lightning ratios. Vertical profiles of reflectivity in storm elements (not shown) also point to more intense convection in the northwestern portion of the region and weaker convection over Redbank Creek. Lightning and reflectivity profile analyses suggest that the distribution of vertical motions during the course of the event differed systematically over the swath of heavy rainfall, with stron- gest upward vertical motions in the northwestern portion of the region and the flood region characterized by areas of downdraft-dominated vertical motion. These observations raise the broader question of how terrain affects the distribution of extreme rainfall along the western margin of the central Appalachians (Figure 1) .
[44] Heavy rainfall from the 19 July 1996 storm, like the other 18-19 July storms (see discussion later in this section) was associated with a warm season extratropical cyclone (Figure 18 ). The system was rapidly intensifying at 0800 UTC on 19 July. A surface low was located in Canada northeast of Lake Huron at 0800 UTC, with western Pennsylvania in the warm sector east of a surface cold front and south of a warm front. Cyclongenesis on 19 July produced surface pressure values less than 984 mbar in eastern Canada on 20 July [see Lapointe et al., 1998 ].
[45] A key feature of the storm environment of the Redbank Creek storm, like the Rapidan storm (see discussion in section 3) and other central Appalachian storms that produce extreme rainfall, was development of a strong low-level jet (LLJ) (Figure 19 ). We used Doppler velocity observations from the Pittsburgh WSR-88D and the velocity azimuth display procedure [Matejka and Srivastava, 1991] to estimate the vertical wind profile (Figure 19 ) below 2 km above ground level (agl). The strong LLJ developed immediately prior to onset of heavy precipitation over Redbank Creek (Figure 19) . The LLJ exhibited a speed maximum of 25 m s −1 (800 m agl) at 0600 UTC on 19 July. Mean wind speed in the layer from 500-1000 m agl increased from less than 10 m s −1 at 0000 UTC to 23 m s [46] WRF model simulations of rainfall for the Redbank Creek storm (Figure 20 ) reflect organization of rainfall into convective elements that track from northwest to southeast over western Pennsylvania, producing an elongated region of maximum storm total accumulation. Simulations of the July 1996 storm use Eta model analysis fields for initial and boundary conditions, a doubly nested domain (9 and 3 km), and model physics identical to those used for the Rapidan simulations (see section 3). Peak accumulations from the WRF simulations are greater than 100 mm. The tracks of the model-simulated storms are displaced somewhat south of the observed tracks. WRF simulations of the Redbank Creek storm capture important elements of the regional distribution of heavy rainfall but not the details of orographic amplification of rainfall over the Redbank Creek watershed. Additional studies focusing on ensemble simulation approaches [see Clark et al., 2007, and references therein] and high-resolution simulations should be pursued to further examine orographic mechanisms associated with catastrophic rainfall.
[47] The 18 July 1942 Smethport storm produced the world record rainfall accumulation of 780 mm in 4.75 h [Eisenlohr, 1952] (Figure 21 ). The storm is important in defining the upper tail of point rainfall distribution [World Meteorological Organization, 1986] . Analyses of the Smethport storm are part of a long heritage of observational studies of "cloudburst" floods [see, e.g., Horton and Todd, 1921] . Rainfall records for the Smethport storm were based on "bucket survey" observations collected by James E. Stewart [Eisenlohr, 1952] . Stewart's field notes also provide important insights to the storm.
[48] Like the Redbank Creek storm, the Smethport storm was an organized system of thunderstorms that produced large CG lightning flash rates. Stewart notes that "everyone contacted emphasizes that this was by far the worst electrical storm they ever witnessed, not only for length of time involved, but particularly for intensity at the time any one of the thunderstorms were passing" (J. E. Stewart, letter to Merill Bernard, Supervising Hydrologist, U. S. Weather Bureau, 18 September 1942). [49] The most striking contrast between the Redbank Creek and Smethport storms is in the magnitudes of observed rainfall rates. Rain gage and radar observations indicate that peak rainfall rates for the Redbank Creek storm occurred in the vicinity of the Brookville rain gage (Figure 14 ) and reached 150 mm h −1 at 5-15 min time intervals. For the Smethport storm, rainfall rate exceeded 150 mm h −1 , averaged over a 5 h time interval!
[50] Stewart's field notes for the world record rainfall accumulation of 780 mm in 4.75 h, which was made at the farm of Mrs. George Appolt, contain the following description: "A small-necked glass jar (neck 3-3/16 inch in diameter) [was] set on a bench in the chicken yard about 8 AM [18 July]. This glass jar was found to be running over after the rain. The jar holds 1 gallon and 1/2 pt, as we determined by filling it with a quart measure. Thus, the rain was more than 30.8 inches. This jar record is so extraordinary that it was re-investigated and I believe should be re-investigated again" (from Stewart's unpublished field notes; see Eisenlohr [1952] for a photograph of the glass jar). Following reinvestigation the observation appeared in the work by Eisenlohr [1952] Meteorological Organization, 1986] .
[51] Stewart reported a number of extreme short-term rainfall rates, including a 10 min rain rate of 990 mm h −1 . Stewart's field notes include the following: "An old farmer noted the great intensity of the rainfall and wondered how fast it was falling. Accordingly he placed a milk pail well out in the open in his yard. Just as he got back to the porch he heard the clock strike 10:00 AM. He then watched the pail and clock closely and at just five minutes past ten the Figure 18 . The 850 hPa height and wind field for (top) 18 July 1996 at 0000 UTC and (bottom) 19 July 1996 at 1200 UTC from NCEP-NCAR reanalysis fields. milk pail was full." After reinvestigation, the observation is reported by Eisenlohr [1952] as a 10 min accumulation of 6.5 inches, that is, a 10 min rain rate of 990 mm h −1 . There are five observations of rainfall rates in the 10-20 min time range exceeding 275 mm h −1 .
[52] Magnitudes of rainfall rates and accumulations for the Smethport storm are generally consistent with peak discharge observations (Figure 1 ). Peak discharge estimates were made by the USGS using indirect estimates, principally critical flow, and slope area analyses for the values appearing in Figure 1 [Eisenlohr, 1952] . The largest unit discharge flood peak was located within a 30 inch (762 mm) rainfall contour from the Eisenlohr storm total map. The 100 m 3 s −1 km −2 unit discharge is equivalent to the steady state discharge produced by a uniform rainfall rate of 360 mm h −1 . Smethport flood peaks define the central Appalachian envelope curve for basin scales ranging from 1 to 30 km 2 .
[53] The Eisenlohr [1952] report contains a storm total rainfall map for the Smethport storm. Contours of the map have been digitized, georeferenced, and reproduced over terrain (Figure 21 ). The rainfall analysis appearing in the work by Eisenlohr [1952] was the fifth map developed. Stewart developed the initial map on the basis of bucket survey information and mapped erosional features. The presence of erosional surfaces was used as an index of heavy rainfall; the absence of erosional features was used to identify areas of lower storm total accumulations. The USGS and Pennsylvania Department of Forests and Waters [Mangan, 1943] produced the second map, which did not include contours exceeding 20 inches (508 mm). The presence of 20 inch contours was a highly controversial issue of the time (as reflected in correspondence between Mangan and Bernard). The U.S. Weather Bureau and U.S. Army Corps of Engineers produced the third and fourth maps on the basis of the Stewart data with larger accumulations than Mangan [1943] , but with the Corps of Engineers maps reducing accumulations from those appearing in the U.S. Weather Bureau maps. The final map [Eisenlohr, 1952] is based on the Stewart data and closely resembles the U.S. Weather Bureau map but has slightly lower accumulations, as suggested by the Corps of Engineers analyses. The final map (Figure 21 ) has three areas with contours exceeding 30 inches (762 mm) and one exceeding 35 inches (889 mm).
[54] We performed simulations of the 18 July 1942 Smethport storm (Figures 22 and 23 ) using 20th century reanalysis fields [Compo et al., 2006 [Compo et al., , 2011 for initial and boundary conditions. Analyses show that the Smethport storm, like the 18-19 July 1996 Redbank storm, was associated with an extratropical cyclone that moved from west to east through the southern portion of Canada (Figure 22 ). Simulated rainfall accumulations have an elongated maximum over Smethport (Figure 23 ), associated with steering winds that result in storm elements that move rapidly from northwest to southeast, like the Redbank Creek storm. This feature is consistent with observed rainfall accumulation contours for the Smethport storm (Figure 21 ). The 20th century reanalysis fields provide the capability for examining storm environment and regional rainfall distribution for an important and poorly characterized heavy rainfall and flood event [World Meteorological Organization, 1986] .
[55] As noted in section 1, the 18-19 July 1889 Rockport, West Virginia, storm produced a rainfall accumulation of 483 mm in 2 h and 10 min [United States Signal Service, 1889]. Flooding resulted in numerous fatalities and virtually destroyed Rockport [Low, 1989] . Accounts of the storm [United States Signal Service, 1889; Low, 1989] highlight the extreme nature of the lightning. For example, "[f]or several hours the storm was accompanied by lightning so continuous and persistent that the heavens were illuminated as if lighted with huge electric arc lights" [Low, 1989] . Surface weather charts produced by the U.S. Army Signal Corps show that the prestorm environment was associated with an approaching trough in the Ohio Valley and a surface low that moved along the U.S.-Canada border from 17-19 July. Like the July 1942 and 1996 flood episodes, the Rockport storm was embedded in an extratropical system that tracked from west to east across southern Canada.
[56] The 19 July 1977 Johnstown storm produced rainfall accumulations exceeding 300 mm during an 8 h period, resulting in record flooding in the Conemaugh River basin (Figure 1 ) and 77 flood casualties [Brua, 1978; . Peak discharge of the Conemaugh River at 1852 km 2 basin scale was 3257 m 3 s −1 . The second largest peak in the Conemaugh River record is 2124 m 3 s −1 from the March 1936 flood; the third largest was 1396 m 3 s −1 from Hurricane Agnes in June 1972. Like the Redbank Creek storm, rainfall was concentrated in a swath extending from Lake Erie southeastward through western Pennsylvania. A principal control of rainfall distribution was storm regeneration through outflow boundaries .
[57] The 18-19 July storms along the western margin of the central Appalachians have been associated with heavy rainfall episodes extending from the Rocky Mountains to the Appalachians. Bosart and Sanders [1981] examined the continental-scale evolution of storm systems associated with the 19 July 1977 Johnstown storm. The 18-19 July 1996 flooding in western Pennsylvania from the Redbank Creek storm was embedded in a larger episode of flooding for North America east of the Rocky Mountains from 16-20 July. More than 300 mm of rainfall produced flooding in Iowa on 16-17 July. The 24 h rainfall record for Illinois of 400 mm was set on 17-18 July 1996 [Changnon and Kunkel, 1999] . More than 300 mm of rainfall on 19-20 July produced record flooding in Quebec [Lapointe et al., 1998 ]. Similar episodes of flooding occurred in association with the July 1889 [United States Signal Service, 1889] and July 1942 [Eisenlohr, 1952; Swenson, 1942] events.
Summary and Conclusions
[58] The central Appalachians have experienced some of the largest rainfall accumulations in the world for time intervals less than 6 h. The storms responsible for these extreme rainfall accumulations, which define the envelope curve of flood peaks in the central Appalachians for basin scales less than 1,000 km 2 , are orographic convective systems. Flood frequency analyses, based on the GEV distribution and annual flood peak observations from 315 stations in the central Appalachians, show that the orographic Figure 20 . Storm total rainfall (millimeters) for the 19 July 1996 storm from WRF simulations. thunderstorm flood events that dominate the envelope curve of flood peaks are not prominently represented outside of the extreme upper tail of flood distributions. These observations point to the utility of further exploring DuMouchel's [1983] suggestion to "let the tails speak for themselves" in developing statistical procedures for flood frequency analysis.
[59] The 27 June 1995 Rapidan storm provides a model system for terrain-locked thunderstorms that produce catastrophic flooding and debris flows along the eastern margin and interior of the central Appalachians. We show that maximum rainfall accumulations, which exceeded 700 mm, were located on the east slope of the Blue Ridge and that rainfall rates exceeded 150 mm h −1 at 15 min time intervals, with continuous periods of rain rates greater than 50 mm h [60] WRF model simulations of the June 1949 Little River storm and the June 1995 Rapidan storm illustrate the regional structure of heavy rainfall and highlight important ingredients of the storm environment of catastrophic rainfall in the central Appalachians. Little was known concerning the hydrometeorology of the June 1949 storm, in contrast to the wealth of analyses concerning the geomorphological impacts of the storm [Hack and Goodlett, 1960; Osterkamp et al., 1995] . The synoptic environment of the Rapidan storm was characterized by a negatively tilted trough-ridge system, similar to the storm environments of orographic convective systems that have resulted in major flash flood episodes along the Front Range of the Rocky mountains [see Pontrelli et al., 1999] . A strong LLJ, which results in large transport of water vapor, and weak "steering winds" aloft are also important ingredients of catastrophic flood episodes from terrain-locked thunderstorm systems in the central Appalachians. The suggestion of Pontrelli et al. [1999] to examine frequency of catastrophic events through analyses of the frequency of storm ingredients is a key element in developing tools for characterizing return intervals of catastrophic rain events.
[61] The 18-19 July 1996 Redbank Creek storm provides a model system for rapidly moving thunderstorm systems that produce extreme flooding along the western margin of Figure 21 . Detail of the storm total rainfall (millimeters) field for the 18 July 1942 Smethport storm (adapted from Eisenlohr [1952] ). Rainfall accumulation contours exceeding 5 inches (127 mm) are shown (see Figure 23 for regional setting). the central Appalachians. The Redbank Creek storm produced record flooding at multiple USGS stream gaging stations, with most exceptional flooding at basin scales smaller than 1000 km 2 . The storm exhibited quasi-stationary behavior in which a series of multicell thunderstorm systems propagated rapidly (80-90 km h −1 ) from Lake Erie over the Redbank Creek basin. Structure and motion of the Redbank Creek storm elements resulted in an elongated band of heavy rainfall and CG lightning. There were systematic differences in lightning and rainfall distribution along the swath of heavy rainfall from Lake Erie to the Appalachian mountains, suggesting that storm elements were more updraft dominated along the northwestern end of heavy rainfall and downdraft dominated in the area of the heaviest rainfall and flooding. The relation of storm properties to terrain, and to the spatial variation in lightning frequency, suggests that terrain plays a role in transition of storms from updraft dominated (large lightning) to downdraft dominated (large rainfall rates).
[62] Rainfall rates for the Redbank Creek storm were extreme but not comparable to the peak rainfall rates from the 18 July 1942 Smethport storm, which produced world record rainfall rates for time intervals less than 5 h. The Smethport storm produced rainfall rates of approximately 1000 mm h −1 at 1-10 min scale and 150 mm h −1 at 4-5 h time scale. Flood peaks from the Smethport storm control the central Appalachian envelope curve for basin scales smaller than 30 km 2 . WRF model simulations of the Smethport storm, based on 20th century reanalysis fields, highlight similarities in storm environment with the July 1996 Redbank Creek storm. Simulation studies have not, however, provided insights to extreme rainfall rates.
[63] The spatial frequency of thunderstorms, as reflected in analyses of cloud-to-ground lightning data from the National Lightning Detection Network, exhibits pronounced heterogeneity over the central Appalachian region with a local minimum in the Valley and Ridge physiographic province in the interior of the central Appalachians and local maxima along the western and eastern margins of the central Appalachians. The relationships between spatial frequency of thunderstorms and catastrophic rainfall in the central Appalachians, and more generally between convective intensity and extreme rainfall in mountainous terrain [see Zipser et al., 2006] , warrant further examination. Analyses of rainfall and lightning for the Rapidan storm, as well as the Nelson County storm associated with the remnants of Hurricane Camille in August 1969, raise the question of whether secondary topography of the Blue Ridge creates regions with increased frequency of catastrophic rainfall, flooding, and debris flows.
[64] The occurrence of multiple catastrophic flood events along the western margin of the central Appalachians during 18-19 July (1889 18-19 July ( , 1942 18-19 July ( , 1977 18-19 July ( , and 1996 is not purely fortuitous. The seasonal frequency of occurrence of thunderstorms in the central Appalachians has a sharp maximum in July. The frequency of occurrence of heavy rainfall events, as represented by 24 h rainfall accumulations exceeding 25 mm, along the western margin of the central Appalachians has a seasonal maximum around 18-19 July. Links between the climatology of extreme rainfall along the western margin of the Central Appalachians and warm season extratropical cyclone warrant further study.
[65] The July 1996 Redbank Creek storm was embedded in a continental-scale episode of extreme rainfall that extended from the Great Plains to eastern Canada and covered 4 days. Similar continental-scale episodes of extreme rainfall were associated with the July 1889, 1942, and 1977 central Appalachian flood events. The Redbank Creek storm, like each of the catastrophic 18-19 July thunderstorm systems, was embedded in a strong warm season extratropical system.
